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In Ultra Relativistic Heavy-Ion Collisions (URHIC’s) the light vector mesons play a crucial role in
the description of hadronic interactions in a non-pertrubative QCD region. In this region effective
hadron models use composite hadrons and mesons as field carriers instead of quarks and gluons.
This theoretical review article tries to give a short way of understanding the underlying theory
that we have for the conversion of vector mesons into photons together with the so-called Vector
Dominance Model (VDM) and the electromagnetic form factors.
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I. INTRODUCTION
The last years a lot of experimental and theoretical ef-
forts have been made to investigate the physics behind
of the Ultra Relativistic Heavy-Ion Collisions (URHIC’s).
Today the efforts towards the deconfinement phase of the
hadrons and the research for the chiral symmetry restora-
tion phase have become more systematic. In this re-
search, tools like, light vector mesons production, search
for strangeness and di-leptonic production are in the front
line of the battle. Each tool has its own advantages and
disadvantages but one is for sure, that all this years a
great progress in understanding the physics behind have
been made. In the following two sections we summarize
the work depend on hadron structure of photon and the
Vector Dominance Model (VDM) and also the Electro-
magnetic Form Factors. Very important and useful tools
to the understanding of the nature of the Quark Gluon
Plasma formation at the Ultra Relativistic Heavy-Ion
Collisions. The vector mesons ρ, ω and φ play an impor-
tant role in the description of hadronic interactions in a
non-pertrurbative region. In this region effective hadron
models use composite hadrons and mesons as field carri-
ers instead of quarks and gluons. In these models, vector
mesons are introduced together with photons as a gauge
bosons of an implicit gauge symmetry in a close analogy
to spontaneously broken SU(2)× U(1) symmetry of the
electro-weak interactions. The fundamental role of the
vector mesons was pointed out first by Sakurai in the
Vector Dominance Model (VDM)[1] who introduced the
hadron-vector meson interactions by analogy with the
photon-electron interactions in Quantum Electrodynam-
ics (QED). According to this model, the coupling of the
hadrons to vector mesons is described by an universal
coupling constant which conserved in all hadronic inter-
actions. Also the same coupling constant and the vector
meson mass describes the vector meson conversion into
a photon.
∗ petousis@ucy.ac.cy
II. VECTOR MESON CONVERSION INTO
PHOTON - VECTOR DOMINANCE MODEL
In field theory, the particle interactions are described
via Lagrangians of interacting current fields. For exam-
ple, in the QED Lagrangian the quark-photon electro-
magnetic interaction is described by a product of the
quark electromagnetic current jEMµ = Qψγµψ with pho-
ton vector field Aµ: L
EM
µ = ej
EM
µ A
µ. The Vector me-
son Dominance Model (VDM) assumes that at low en-
ergies where hadrons rather than quarks are appropriate
degrees of freedom, the quark electromagnetic current
is carried entirely by a vector meson fields. The typ-
ical energy range where this hypothesis holds is given
by a four-momentum of the exchanged photon of q2 ≺ 1
GeV 2. This assumption results in so-called field current,
valid exactly at the vector meson poles:
jEM =
∑
γV Ψ
V =
∑
V
m2V
fV
ΨV (1)
where ΨV are the vector meson fields and γV is the con-
version factor given by the vector meson mass mV and
the universal coupling constant fV . A connection be-
tween the vector fields ΨV and the quark electromagnetic
current jEM is easily obtained in the framework of the
second quantization. In this framework, the jEM is a
creation operator acting on the QCD vacuum and creat-
ing quark-antiquark pairs witch overlap with the mesonic
states. The coupling constant fV can be obtained from
the measured di-electron vector meson decay widths. For
example the matrix element for the ρ0 → e+ + e− decay,
the |M(V e+e−)| can be calculated within the VDM using
the graph in Fig.1B and the following factorization:
∣∣M(V e+e−)∣∣2 = |M(V γ∗)|2 1
q2
∣∣M(γ∗e+e−)∣∣2
=
e2m4V
f2V
1
m4V
∣∣M(γ∗e+e−)∣∣2 (2)
The last matrix element describes the conversion of the
virtual γ∗ with the four-vector q2 = m2V into a positron-
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2electron pair and is given by:∣∣M(γ∗e+e−)∣∣2 = 4piα
3
q2 (3)
∣∣M(V e+e−)∣∣2 = 16pi2α2
3f2V
m2V (4)
Using eq.(3) and neglecting the electron mass, one gets
the di-electron vector meson decay width[1]:
Γ(Ae+e−) =
pCM
8pim2A
|M |2 (5)
Γe
+e−
V = 4
|pcm|
8pim2V
|MV e+e− |2 = 4piα
2
3f2V
mV (6)
where pcm =
mV
2 is the momentum of the daughter elec-
tron in the center mass frame. From the measured di-
electron experimental decay widths one can therefore ob-
tain the universal coupling constants for the light vector
mesons:
fρ = 5.03 fω = 17.05 fφ = −12.89 (7)
and as one can see from eq.(6) that the ratios Γe
+e−
V for
the ρ, ω and φ mesons is proportional to mV
f2V
. They also
agree with the ratios of the squared numerical coefficients
resulting from the SU(3) decomposition, namely:
FIG. 1. A: The Feynman graphs (time flows from left to right)
for the e+e− annihilation with pi+pi− emission. According to
VDM hypothesis a time-like photon (q2  0) couples to a pion
via an intermediate vector ρ0 meson state. B: Vertex coupling
constants γρ and fρpipi can be derived from the ρ→ e+e− and
ρ→ pi+pi− decays, respectively.
Γe
+e−
ρ : Γ
e+e−
ω : Γ
e+e−
φ =
mρ
f2V
:
mω
9f2V
:
mφ
4.5f2V
≈ 1
2
:
1
18
:
1
9
(8)
where fV = fρ = 5.7 as value selected. Exception is the ρ
meson for which one observes a larger discrepancy. The
deviation on fρ from the ideal SU(3) value fV can be
explained by a large contribution on the one-pion loop to
the ρ-self energy at the effective Lagrangian approach [2].
Another part of the VDM hypothesis is the assumption
that the same coupling constant fV describes also the
meson-hadron interaction and therefore connects strong
and electromagnetic interactions by the vector mesons
gauge fields. The interaction Lagrangian can be written
by analogy to the electromagnetic interaction introduced
above:
LHint = fV j
H
µ Ψ
µ (9)
where jHµ is the hadronic vector current and Ψ
µ is the
vector mason field (here we replaced the V index form
eq.(1) with µ). The coupling constant fV can be inter-
preted as a conserved hadronic charge of the vector meson
and for example should be the same for the ρ−NN and
ρ− pipi couplings and equal to fV = 5.7 derived from the
ρ meson di-electron decay. This can be verified by the
analysis of the di-pion decay width of the ρ meson. The
Γpi
+pi−
ρ decay width can be calculated in a similar way as
for di-electron decay using the graph of the Fig.1B. The
matrix elements is given by[3]:∣∣M(pi+pi−ρ0)∣∣2 = 4f2ρpipip2cm (10)
and finally we get:
Γ(ρpi+pi−) =
2
3
|pcm|3
m2p
(
f2ρpipi
4pi
) = 151MeV (11)
where
|pcm| =
√
(
mρ
2
)2 −m2pi (12)
Using the experimental value from eq.(11) we obtain that
fρpipi = 6.05 which is close to the universal value fV = 5.7.
Should be mentioned here an important aspect of broad
resonances such as the ρ meson. The decay widths in
eq.(5) and eq.(11) are valid strictly for the meson poles
mR. For the broad ρ
0, the respective decay widths are
mass dependent and for the di-electron decay as given
in[4],[5]is:
Γe
+e−
ρ (M) = Γ
e+e−
ρ (mR)(
mR
M
)3 (13)
for the di-pion decay is:
Γpi
+pi−
ρ (M) = Γ
pi+pi−
ρ (mR)(
mR
M
)(
pcm(M)
pcm(mR)
)3 (14)
An important consequence of eq.(14) is that in contrary
to the di-pion decay the di-electron decay yield increases
at low masses.
III. THE ELECTROMAGNETIC FORM
FACTORS OF HADRONS
The dominance of the vector masons in the hadron-
photon interaction vertex which discussed at the previous
3paragraph is conspicuous in the electromagnetic form fac-
tors of the hadrons. Let us consider the electron-positron
annihilation with a pion production. The cross section
ratio of the positron annihilation with the production of
even number of pions, normalized to the cross section for
the di-muon production as[2]:
R =
σnpie+e−
σµ
+µ−
e+e−
(15)
At large Q2 the observed R values is one of the proofs for
the quark-hadron structure. As predicted by the Quark
Parton Model and QED, for large four-momentum trans-
fers (q2  1 GeV 2) the R value is proportional to the
product of the electromagnetic current, carried by elec-
trons and quarks according to:
R = (jEMe
1
q2quarks
)2 (16)
The result of the leading order QCD calculation, shows
that R is equal to the sum of squared light quarks charges
Qq multiplied by the number of colors Nc, (Nc = 3):
R = Nc
∑
u,d,s
Q2q =
3[(
2
3
)2 + (
−1
3
)2 + (
1
3
)2](1 +
αs(q
2)
pi
)
(17)
where αs(q
2) is the QCD ”running” coupling constant.
At low energies (q2 ≺ 1 GeV 2) according to VDM the
quark electromagnetic current is carried out by the vec-
tor mesons what has been confirmed by the annihilation
experiments. The relation of the quark electromagnetic
current jEMµ and the pion electromagnetic form factor
Fpi(q
2) is given by the following matrix element[2]:〈
pi±
∣∣jEMµ (0)∣∣pi±〉 = ±(k + k′)µFpi(q2) (18)
where q2 is the four-momentum transfer q2 = (k − k′)2
of scattered particle. The form factor can be obtained
in a time-like region (q2  0) from the annihilation ex-
periments discussed above. Here we consider the cross
section for an inverse reaction of pion annihilation σe
+e−
pi+pi−
important for di-electron production. The cross section
for this reaction can be calculated according to the pro-
duction graph shown in Fig.1A assuming the VDM. The
reaction transition matrix element can be constructed
connecting the matrix elements for the ρ0 → e+e− from
eq.(5) and for ρ0 → pi+pi− from eq.(11) decays, using the
ρ0 propagator: ∣∣M(pi+pi−e+e−)∣∣2 =∣∣M(pi+pi−ρ0)∣∣2 ∣∣M(ρ0e+e−)∣∣2
(m2ρ −M2)−m2ρΓ2ρ
(19)
Using the formula for the production cross section
for a two-body scattering process in the center mass
frame[6]one gets:
σe
+e−
pi+pi−(M) =
1
4pi
√
s
pf
pi
∣∣M(pi+pi−e+e−)∣∣2 (20)
σe
+e−
pi+pi−(M) =
4piα2
3M3
√
M2 − 4m2pi |Fpi|2 (21)
where pi and pf is the initial and final state momenta for
pion and electron respectively, calculated in the center
mass frame also. The time-like pion electromagnetic form
factor Fpi in eq.(21) contains the ρ meson propagator and
the γρ, fρpipi coupling constants. It can be also easily
calculated comparing the internal lines of two production
graphs in Fig.1A, where Fpi is shown as a blob in the right
graph:
|Fpi(M)|2 =
f2ρpipi
f2V
m4ρ
(M2 −m2ρ)2 +M2ρΓ2ρ
(22)
The precise description of Fpi(q
2), obtained by the
eq.(22) including ρ-ω mixing and one-loop pion
contribution[2],[7]. Time-like electromagnetic form fac-
tors for other hadrons can be obtained by studying in-
variant mass distributions of di-electrons streaming from
the Dalitz A→ Xe+e− decays. According to the VDM,
these decays proceed as shown in Fig.2, as two sequential
body decays: A→ Xγ∗(M) with the sub sequential vir-
tual γ∗ → Xe+e− gamma-ray conversion described by
the eq.(3). The coupling of a hadron A with a virtual
photon γ∗ is described by an electromagnetic form factor
FA. According to this factorization scheme, the differ-
ential decay rate can be written as the product of the
virtual gamma-ray conversion rate and the decay width
Γ(AXγ∗)[5]:
dΓ(AXe+e−)
dM
=
2α
3piM
Γ(AXγ∗) (23)
Three such processes, for the neutral axial-vectors (pi0,
η) and the vector ω meson summarized in Table.I. The
differential decay width A → Xe+e− can be obtained
from eq.(23) with the help of the matrix element:
|M(AXγ∗)|2 = 2p2cmM2A|fA|2 (24)
valid also for, X = γ and X = pi0[3],[5]:
|Γ(AXγ∗)|2 = pcm
8piM2A
|fA|22p2cmM2A
=
1
4pi
p3cm|fA|2
(25)
where fA(M) is the form factor and pcm is the center
mass momentum of the decay A→ Xγ∗ products. The
latter one is given by the Pauli-Ka¨lle´n function:
λ(x, y, z) = x2 + y2 + z2 − 2(xy + xz + yz) (26)
4TABLE I. Parametrization of the time-like electromagnetic form factors of pi0, η and ω mesons according to the VDM hypothesis.
Dalitz decay Form factor F (M) Parameters
pi0 → γe+e− F = 1 + bM2 b = 5.5 GeV 2
η → γe+e− 1
1+( M
Λη
)2
Λη = 0.72 GeV
ω → pie+e− Λ4ω
(Λ2ω−M2)2+Λ2ωγ2ω
Λω = 0.65 GeV , γω = 0.04 GeV
FIG. 2. A schematic diagram of the meson di-electron Dalitz
decay. The blob in the meson-photon vertex describes the
meson form factor.
and
pcm =
√
λ(M2A,M
2
X ,M
2)
2MA
(27)
The electromagnetic form factor defined as FA =
fA(M)
fA(0)
can be introduced by normalization of eq.(25) to the de-
cay width into the real photon A→ Xγ obtained with
help of eq.(25):
Γ(AXγ) =
|fA(0)|2
4pi
λ3/2(M2A,M
2
X ,M
2)
8M3A
(28)
and
Γ(AXγ∗) =
Γ(AXγ)
λ3/2(M2A,M
2
X ,M
2)
λ3/2(M2A,M
2
X , 0)
|FA(M)|2
(29)
The respective electromagnetic form factors FA
are collected in Table.I according to the VDM
parametrization[8]. The di-electron invariant mass
distribution is given by the differential decay ratio
distribution:
dPe+e−
dM
=
1
Γtotal
dΓ(AXe+e−)
dM
(30)
The di-electron invariant mass distribution for heavier
mesons ω and η
′
shows a yield enhancement at larger
invariant masses. This is due to the ρ meson dominance
in the γ → e+e− conversion process. One should note,
that the parametrization of the pion form factor given in
Table.I is nothing else but the Fpi given by eq.(22) but for
M ≺ mpi0 accessible in the pi0 Dalitz decay. The first two
decays from Table.I, agree with the VDM predictions but
for the ω decay a strong discrepancy is observed[2],[8].
IV. CONCLUSIONS
It well known today that the di-electron Dalitz pro-
cesses as well for mesons as for baryons are of large in-
terest for the understanding of the structure of hadrons.
Furthermore, the pion annihilation, the vector mesons
two-body decays and the Dalitz meson decay are impor-
tant processes in di-electron spectroscopy performed in
many experiments such as HADES collaboration and in
future CBM collaboration at the GSI in Germany.
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